Abstract Movement goals and task mechanics differ substantially between actual tool use and corresponding pantomimes. In addition, apraxia seems to be more severe during pantomime than during actual tool use. Comparisons of these two modes of action execution using quantitative methods of movement analyses are rare. In the present study, repetitive scooping movements with a ladle from a bowl into a plate were recorded and movement kinematics was analyzed. Brain-damaged patients using their ipsilesional hand and healthy control subjects were tested in three conditions: pantomime, demonstration with the tool only, and actual use in the normal context. Analysis of the hand trajectories during the transport component revealed clear differences between the tasks, such as slower actual use and moderate deficits in patients with left brain damage (LBD). LBD patients were particularly impaired in the scooping component: LBD patients with apraxia exhibited reduced hand rotation at the bowl and the plate. The deficit was most obvious during pantomime but actual use was also affected, and reduced hand rotation was consistent across conditions as indicated by strong pair-wise correlations between task conditions. In healthy control subjects, correlations between movement parameters were most evident between the pantomime and demonstration conditions but weak in correlation pairs involving actual use. From these findings and published neuroimaging evidence, we conclude that for a specific tool-use action, common motor schemas are activated but are adjusted and modified according to the actual task constraints and demands. An apraxic LBD individual can show a deficit across all three action conditions, but the severity can differ substantially between conditions.
Introduction
We can easily recognize the action of someone using gestures to suggest the use of common tools such as a hammer or scissors. Since the tool as well as the target of the action is absent, we have to infer the meaning from the observed body configurations and limb movements. Our capability to correctly interpret such mimed, or pantomimed (as it is somewhat loosely termed in the apraxia literature) action, therefore suggests that the limb movements share common characteristics with those employed during actual use of the objects. However, various factors may account for dissimilarities between these two modes of action execution. Most importantly, the mechanical constraints of actual execution dictate the spatial, kinematical, and dynamic movement characteristics. For example, the size and form of the tool handle limit the possibilities of grasp; the geometry of the tool defines the spatial relationship between the hand and the target object; the mechanical properties of the tool and of the target define the typical mode of application with the corresponding type of movement and so on. Alternatively, pantomime movements do not necessarily need to mimic actual movement execution in order to be recognized. The meaning of some actions can also be communicated with conventional gestures such as the well-known gestures of phoning or using scissors.
From the perspective of the neural control system, similar representations of actions for the different execution modes may be expected. It has been shown that different action modes such as actual execution, mental imagery, and observation share common neural processes (Filimon et al. 2007; Gerardin et al. 2000; Hanakawa et al. 2008; Jeannerod 2001; Lotze et al. 1999; Rizzolatti et al. 2002; Grèzes and Decety 2001) . A pantomime can be considered as a further variant of an action mode. Indeed, neuroimaging studies revealed similar neural networks for pantomiming an action as compared to actual execution (Hermsdörfer et al. 2007; Johnson-Frey 2004; Lewis 2006 ). Comparable neural representation for different action modes may reflect similar motor programs for producing the movements. Thus, pantomimes and actual execution of tool use may share common spatial and kinematic characteristics.
Insights into the relationship between pantomime and actual use can also be gained from studies of apraxia, which is a frequent consequence of a stroke in the left hemisphere. Pantomime of tool use has emerged as a highly sensitive clinical test of apraxia (Buxbaum et al. 2000; Goldenberg 2008; Liepmann 1908; Rothi and Heilman 1997; Rothi et al. 1997; Hanna-Pladdy et al. 2001; Goldenberg et al. 2003) . Patients with apraxia are typically impaired during pantomiming. Their errors vary widely from severe errors, such as no movement response or unrecognizable movements, to milder errors, such as incorrect hand grips at the imagined tool. A number of studies reported that patients perform better when they are allowed to actually use tools as compared to when they pantomime tool use (Buxbaum et al. 2000; Clark et al. 1994; De Renzi 1990; Goldenberg and Hagmann 1998; Goldenberg et al. 2004; Hermsdörfer et al. 2006; Laimgruber et al. 2005; Liepmann 1908; Wada et al. 1999) , although errors or even inability of actual tool use have also been reported (De Renzi and Luchelli 1988; Goldenberg and Hagmann 1998; Goldenberg and Spatt 2009; Westwood et al. 2001; Randerath et al. 2011 ). In one of these studies (Goldenberg et al. 2004 ), a neutral wooden implement resembling the handle of the tools was provided instead of the real tool (i.e., a 10-cm-long stick with a diameter of 3 cm instead of the hammer). Interestingly, patients performed at the level of pantomiming in this situation. Thus, they did not benefit from the geometrical and tactile cues provided by the neutral object to evoke a correct motor program.
Various explanations have been suggested to account for the improved performance during actual use (Goldenberg and Hagmann 1998; Buxbaum et al. 2000; Goldenberg et al. 2004) . The visual presence of the tool and of the target object may provide a critical and sufficient context that enables the recall of the motor program, which may be otherwise inaccessible. The mechanical characteristics of actual tool use mentioned above may provide strong cues that support the recall and/or they may limit the degrees-offreedom of the task, thus simplifying the generation of the correct motor program. The physical information may also be used to solve the task by implicit mechanical reasoning, thus compensating deficits of functional knowledge about the specific tool (Goldenberg and Hagmann 1998; Osiurak et al. 2009; Osiurak et al. 2011) . For example, a heavy eccentric weight opposing a handle may facilitate hammering movements without the necessity of knowledge about the function of a hammer. Furthermore, the affordances provided by the present tool and the object may support an automatic evocation of a motor program. Finally, deficits may be specific for pantomime and irrelevant to actual execution. As reasoned above, pantomimes may be a distinct type of action since they require the production of a gesture that promotes the understanding by another person despite the absence of tool. These explanations are not mutually exclusive. Knowing the contributions of the different factors responsible for an amelioration of deficits during actual tool use would significantly improve the understanding of the mechanisms underlying apraxia.
Recently, we compared apraxic errors across different execution modes in two tool-use actions (hammering and scooping) . In addition to pantomime and actual use, a further condition (Demo) was introduced that requested the manipulation of the tool in the absence of a target object. Apraxic errors decreased during condition Demo as compared to pantomime and further decreased during actual use. Importantly, factor analysis revealed one common factor that accounted for the deficits across the conditions (explained variance up to 68%). From these findings, it was concluded that a condition-independent deficit may be related to action-related working memory and that stronger task affordances may particularly facilitate actual use performance .
A highly sensitive and objective method to compare different modes of movement execution is 3-dimensional movement analysis. Poizner and colleagues (Poizner et al. 1995; Clark et al. 1994 ) applied this approach in three apraxic patients analyzing the spatial and kinematic features of the gesture ''slicing a piece of bread'' in different conditions of execution. Deficits were obvious in most measures of pantomime performance and in a weaker form also in some measures during actual use. The authors concluded that the performance of apraxic patients was characteristically impaired in all task conditions, including actual task execution, although cues from the tool and the object may have ameliorated the deficits in the latter condition. We performed movement analyses of drinking and sawing movements in two samples of apraxic patients (Hermsdörfer et al. 2006; Laimgruber et al. 2005) . In the drinking pantomime, patients did not open their hand adequately in anticipation of the ''virtual'' glass but they exhibited normal hand opening when actually grasping a glass (Laimgruber et al. 2005) . During sawing, the pantomime was not directed along the antero-posterior body axis, while during the actual sawing movement, patients correctly initiated a back-and-forth movement in that direction (Hermsdörfer et al. 2006) . Abnormalities of movement kinematics found in individual patients during actual use were not correlated with the deficits during pantomime. These results therefore suggest at least partial independence of movement errors during pantomime and during actual use in apraxic patients.
The hammering task studied by Randerath et al. (2011) was also subjected to kinematic analyses . This study revealed a partial independence of apraxic pantomime errors as revealed by video analyses from kinematic movement abnormalities, suggesting that more conceptual apraxic errors may be dissociable from deficits in movement programing. The kinematic measures yielded characteristic differences between the execution modes in patients as well as in healthy control subjects such as greater movement amplitude for pantomimes than in the other conditions. However, irrespective of differences in magnitude, movement parameters showed highly significant pair-wise correlations between the conditions. Interestingly, these correlations were independent of deficits and obvious in all subject groups. Thus, movement velocity was decreased in the same LBD patients across all task conditions, but relatively slow velocity of a control subject was also retained across the conditions. One way to account for these invariances is to suppose a generalized motor program developed by each individual that is flexibly adapted to the different task conditions. Thus, irrespective of brain damage, individual movement execution across the different modes shared common kinematic characteristics.
The present study aimed to follow up the findings for the hammering movements. We were particularly interested in task dependencies. Hammering consists largely of one repeated movement component primarily achieved by shoulder movements. Apart from the requirement of hitting a nail, the movement is not constrained. Very short or very long hammer hits may be mechanically disadvantageous but are nevertheless possible also during actual use. In addition, the fast hitting movement is largely open-loop. In order to analyze the role of task characteristics in our previous findings, we performed kinematic analyses of the scooping task that was also used by Randerath et al. (2011) . This study compared apraxic errors between tasks as assessed by video scoring, while the present kinematic approach allows for objective comparisons of performance aspects that are not limited to errors. The scooping task differs substantially from the hammering task in some important aspects. With respect to movement components, scooping can be considered more complex than hammering: during scooping, a transport component accomplished by shoulder and elbow movements has to be coordinated with the scooping component enabled by pro-and supination of the hand. In addition, actual scooping movements are more constrained than hammer hits: the bowl and the plate dictate the reversal points of the actual movement, while pantomime and Demo are not constrained in the same way. Finally, control of the ladle during scooping, transport, and pouring implies processing of online visual and proprioceptive feedback in order not to spill the transported liquid.
As for the hammering task, we expected to find distinct kinematic characteristics for the different execution modes in all subject groups. We also expected that despite these differences, the performance between tasks may be correlated. However, due to the stronger constraints during actual scooping, we hypothesized weaker correlations with the actual use condition than in the hammering task. For patients with left brain damage and apraxia, we expected clear deficits in the kinematic performance measures, which may be more severe than during hammering due to higher task complexity of scooping. From previous studies, we also expected that the severity of deficits decreases from pantomime to actual use. Given the inconsistencies of previous findings and under the assumption that we would find moderate deficits also in actual use, we were particularly interested in the relationship between patients' deficits in pantomimes versus actual use.
Materials and methods

Subjects
Twenty-three patients who had suffered a stroke in the left hemisphere (mean = 57.6 years, 34-77 years; 6 women, 17 men) and 9 patients with a stroke in the right hemisphere (mean = 57.2 years, 39-76 years; all men) participated in the study. Patients were included if they showed typical neuropsychological symptoms, such as aphasia Exp Brain Res (2012) 218:201-214 203 following left brain damage and visuo-spatial deficits or neglect following right or left brain damage. Patients with left brain damage (LBD) outnumbered patients with right brain damage (RBD) because of the interest in apraxia. A test for apraxia of tool use was administered to all patients. Eight different tools were presented, and the patients were requested to demonstrate their use. A detailed description of the test and the scoring system used can be found in Randerath et al. (2009 Randerath et al. ( , 2011 . As expected, LBD patients scored worse than RBD patients (LBD: mean = 71.05%, range: 0-100%, RBD: mean = 99.2%, range: 97-100%). Using a cutoff that distinguishes patients with severe to moderate apraxia (\80%) from patients with no or mild apraxia Randerath et al. 2009 ), 11 patients were classified as apraxic and 12 as non-or only mildly apraxic. Aphasia was present in all beside one LBD patient, but all patients were able to follow the instructions for the task. All RBD patients and 12 LBD patients exhibited visuo-spatial deficits such as hemianopia or neglect. The patients were tested at least 1 month after their stroke. On average, the stroke had occurred about 3 months before the examination (LBD: mean 2.7 months, 1-6 months, RBD: mean 2.9 months, 1-5 months). In all but 4 LBD patients and 1 RBD patient, the contralesional hand was paretic. All tests were performed with the non-paretic ipsilesional hand. All patients were right-handed, as verified by a handedness questionnaire (Salmaso and Longoni 1985) . Nineteen healthy subjects served as the control group. Ten were tested on the left hand (CL) and nine with the right hand (CR) in order to match control subjects and patients according to the tested hand. The control subjects had a similar age and gender distribution as the patients (CL: mean = 52.6 years, 31-72 years; 4 women, 6 men; CR: mean = 56.9 years, 40-71 years; 1 women, 8 men). None of the control subjects had any history of neurological disorders or any constraints of upper limb movements. All control subjects were right-handers. The study design was approved by the ethical committee of the Medical Faculty of the Technical University of Munich. Informed consent was obtained from all subjects, and the study was conducted in accordance with the Declaration of Helsinki.
Lesion analysis
In all but one patient (22 LBD and 9 RBD), MRI or CT scans were available. Lesions were drawn manually on a T1-weighted standard template with 8-mm slice thickness (see Randerath et al. 2010 ). The template was based on the ch2 MRI scan distributed with the MRIcro software (http://www.cabiatl.com/mricro/). On the average, patients with left brain damage tended to show somewhat smaller lesions than patients with right brain damage, but the groups did not differ significantly (LBD: mean = 
Procedure
Each participant sat at a table and was requested to perform scooping movements under three different task conditions in a self-paced manner (Fig. 1 ). In the pantomime condition (''Panto''), a ladle was briefly shown and the participant was verbally instructed to demonstrate how the tool is typically used. In the second condition (''Demo''), the participant was requested to perform the movement with the ladle held in the hand but no other material was provided. In the actual use condition (''Use''), a soup bowl filled with cold peppermint tea and a soup plate was provided. The distance between the bowl and the plate was 25 cm. The participant's task was to scoop soup from the laterally placed bowl and pour the content into the medially placed plate. The ladle was identical in all conditions. It was made from plastic weighting 75 g. The length was 30 cm, and the diameter of the ladle head was 8 cm. The experimenter counted repetitive movements and indicated the participant to stop after eight repetitions. Three successive trials were performed. An exception was the Use condition that was tested in two versions each consisting of three trials: in one version, the participant had to reach forward and grasp the ladle off the table at the beginning of the trial as in condition Demo. The second version enabled the recording the movements of the ladle in addition to the participants' limb movements. The ladle was already held in the participant's hand at the beginning of a trial since a cable connected to a Polhemus marker at the ladle ran along the participant's arm and the ladle. In order to avoid task sequence effects, the order of presentation of the conditions was varied between the above order and in the reverse order (Use-1-Use-2-Demo-Panto).
Movement registration
Movements were measured with an electromagnetic movement capture system (Liberty, Polhemus). The system measures 6 movement degrees-of-freedom of markers (electromagnetic coils) attached to a body segment (3 translations along coordinate axes, 3 rotations). A hand marker was fixed to the dorsum of the hand just proximal to the space between 3rd and 4th metacarpophalangeal joint. A second marker fixed at the insertion of the ladle shaft into the head was used only during the second version of Use. The size of markers was 10 9 10 9 15 mm. Sample rate was 240 Hz. Static accuracy is specified as 1 mm for position and 0.15°for rotation. Finally, all time series data were subjected to smoothing using a moving average with a window width equivalent to 100 ms. All data post-processing and subsequent movement parameter extraction were performed in MATLAB (MathWorks, Natick, MA, USA).
Movement parameters
The analysis in the present article concentrated on the hand marker. Analysis of the ladle marker in the second version of Use resulted in findings very similar to those for the hand marker and will not be further presented here.
Custom algorithms determined the major and minor axes of an ellipse that enclosed the cloud of horizontal hand marker positions during each single trial. The major axis was assumed to reflect the general direction between the end points of the repetitive ladle transportations. In the next step, the movement trajectory for each trial was rotated, so that the major axis coincided with the lateral axis of the table top coordinate reference system. Then, the reversal points of the hand movements were determined from the maximal excursions of the trajectories along the lateral axis. A movement cycle was subdivided into two phases according to two alternative criteria. As the first alternative, a vertical plane was set up at half the distance between the averaged reversal point locations. On the side of the mid-way plane where the hand movement trajectory originated at the start of a trial, movements were categorized as ''bowl-related'' movements (lateral side), while the movements on the other side of the plane were called ''plate-related'' (medial side). The second movement cycle subdivision was made based on the time points at which movement reversals occurred. Data frames between a reversal point on the lateral side and a reversal point on the medial side were designated 'inward' transport movements, while movements in the opposite direction were called 'outward' movements.
The following parameters were derived from the hand trajectories to reflect the transport component of the scooping action:
• Direction: deviation of the orientation of the major axis of the fitted ellipse relative to the lateral axis of the table top coordinate reference system (see text above).
• Amplitude: distance between two successive bowl and plate reversal points averaged across the trial.
• Cycle duration: time interval between successive medially directed crossings of the mid-way plane averaged across the trial.
• Peak 3D velocity: maximal tangential velocity in three dimensions in each movement direction calculated as the rate of change in length of the vector indicating Euclidian position change in cm/s averaged across the trial and both directions.
To reflect the scooping component, the following parameter was calculated from the rotation of the hand marker along the long axis of the forearm (''roll angle''):
• Range of hand roll during scooping and pouring (maximum-minimum) averaged across the trial and the lateral (bowl side during Use) and medial (plate side during Use) sides.
Finally, all parameters were averaged across the three trials for each condition. The parameters for the two versions of the use task did not differ (p [ 0.05) and were averaged as well.
Statistical analysis
Each movement parameter was subjected to an analysis of variance (ANOVA) with the between-subject factor ''Group'' and the within-subject factor ''Task Condition.'' For the ANOVA, LBD subjects were divided into a nonapraxic and an apraxic group according to their tool-use score. In order to avoid a confound from a dominant-hand advantage, ANOVAs were performed separately for both the left-hand performing groups (2 groups of LBD patients and controls with left hand) and the right-hand performing groups (RBD patients and controls with right hand). Inclusion of the additional factor ''Task sequence'' in the ANOVAs did not reveal any significant effects that would suggest relevance of the specific sequence in which the tasks were performed by our participants. Paired and independent t tests were used for post hoc single comparisons between task conditions and groups of participants. All ANOVAs were performed in SPSS 16 (IBM Corporation, Somers, NY, USA) with alpha levels set at p = 0.05 after Greenhouse-Geisser correction.
For analyzing the performance relationship between the different task conditions, we calculated Pearson correlations between the main movement parameters for each pair of conditions (Panto-Demo, Panto-Use, and Demo-Use). The two samples of controls (left and right hand) and LBD patients (apraxic and non-apraxic) were combined for this analysis to achieve a higher statistical power.
For the LBD patients, additional correlation analyses between the apraxia score and performance were calculated for those performance measures that indicated apraxiarelated effects across the different task conditions. Finally, partial correlations between the same variables were calculated as well with lesion size as the covariate.
Results
Data from four participants were not included either due to technical failures during data collection resulting in incomplete datasets (1LBD, 1 CL) or due to severely apraxic hand movement patterns in Panto and Demo not at all showing any resemblance to the required scooping action (2 LBD). Thus, the final statistical analysis included data from 47 participants (20 LBD, 9 CL, 9 RBD, and 9 CR). Figure 2 shows an illustrative hand position trajectory and hand roll fluctuations as a function of hand position on the lateral-medial axis in each of the three task conditions for a healthy control participant and a patient with left-hemisphere stroke. In Panto and Demo, the control participant demonstrates considerable hand roll variability across movement cycles compared to Use. In terms of spatial variability, hand movements appear steeper with a more pronounced curvature of the trajectories in the two conditions without actual target objects. In contrast, the left-hemisphere patient shows relatively flat trajectories with invariable hand roll during Panto and Demo compared to Use. Figure 3 presents the movement amplitude and the duration of the ladle scooping cycle as a function of task condition and the group of participants. In Fig. 4 , peak 3D velocity during transport and range of hand roll is shown also as a function of task and group. Table 1 lists the main effects and interactions for each of the selected movement parameters.
Movement parameters
Movement direction
In all three task conditions, the major axis of hand trajectories ran in parallel to the lateral axis. The average deviation from that axis was 0.83 degrees (SD 9.88) away from the body. Neither the participants performing with the left hand nor those performing with the right hand showed any statistical differences between the task conditions (both p C .144), no differences between the groups were present, and there were no interactions between task condition and group (all p C .213).
Movement amplitude
Differences in movement amplitude were found between the task conditions across all participants irrespective of whether they performed with the left or right hand (Fig. 3a) . Post hoc single comparisons showed that Panto resulted in the widest amplitudes compared to both Demo and Use (left hand: both t(28) C 3.86, both p B .001; right hand: both t(17) C 5.36, both p \ .001). For the right-hand performing participants, a difference between Demo and Use was found as well (t(17) = 2.30, p = .035). The left-hand performing participants, however, showed differences between the three groups and an interaction between task condition and the group factor. In general, the LBD? group tended to move across a shorter distance than the other two groups (LBD? vs. LBD-for both Panto and Demo: both t(18) B -2.94, both p B .009; LBD? vs. LBD-for Use: t(18) = -1.95, p = .067; LBD? vs. CL for Panto, Demo, and Use: all t(16) B -2.83, all p B .016). In all groups, the amplitude of the hand movements was much closer to the real distance between bowl and plate in the Use condition.
Cycle duration
The duration of a ladle scooping cycle differed between the task conditions for both the left and right-hand performing groups of participants (Fig. 3b) . Overall, Use resulted in the longest cycle durations (left hand: both t(28) C 5.17, both p \ .001; right hand: both t(17) C 3.03, both p B .008), with Demo and Panto showing equal cycle durations except for a tendency of shorter durations during Panto in the left-hand performing groups (t(28) = -1.93, p = .063). The left-hand performing groups also tended to differ with respect to the cycle duration with a tendency for an interaction between task condition and group. Post hoc single comparisons indicated that the LBD? group performed with a shorter duration in Panto than the other two groups (LBD? vs. LBD-: t(18) = -2.69, p = .018; LBD? vs. CL: t(16) = -2.37, p = .032) and in Demo than the LBD-group (t(18) = -2.31, p = .034). This finding, however, may be related to shorter movement amplitudes (see above) and reduced hand roll (see below) in LBD patients.
Peak 3D velocity during transport
For both the left and right-hand performing groups, peak 3D velocity during transport from bowl to the plate and back differed between the task conditions only. Post hoc single comparisons showed that peak velocity was greatest during Panto, followed by Demo and then Use with the slowest movements (left hand: all t(28) C 4.65, all p \ .001; right hand: all t(17) C 3.34, all p B .004; Fig. 4a ).
Scooping and pouring
For the left-hand performing participants, we found differences between the groups, between the task conditions as well as an interaction between task condition and group (Fig. 4b) . Post hoc single comparisons between the groups No differences between the LBD-and the CL groups were present except for the Panto condition, in which the CL group showed a significantly wider roll range than the LBD-patients (t(18) = -2.72, p = .017). For the LBD ? group, Use resulted in the widest amount of hand roll relative to the other two conditions (both t(8) C 4.27, both p B .003). No differences between tasks were present for the LBD-group, while the CL group showed greater amount of hand roll in the pantomime condition compared to Demo (t(8) = 3.70, p = .006) but not compared to Use. The participants performing with the right hand showed differences between the task conditions. Post hoc comparisons indicated differences between Panto and the other two task conditions with greatest range of hand roll in Panto (both t(17) C 2.53, both p B .021).
Correlations of movement parameters between task conditions
In Table 2 , the coefficients of the correlations between the main performance parameters in each of the task conditions are listed for each group of participants (2 LBD groups combined, 2 control groups combined, RBD group). Figure 5 shows the linear regressions for the three pair-wise task combinations on selected movement parameters (range of hand roll during scooping and pouring, movement amplitude, peak 3D velocity) for the LBD group and the group of controls. Strong correlations were found between Panto and Demo for all movement parameters in both the LBD group and the group of controls with the exception of hand roll range in the RBD group and the groups of controls. The LBD group showed significant correlations between Use and Panto and between Use and Demo on all parameters. In contrast, the only additional parameter that resulted in a significant correlation between Demo and Use was the peak 3D velocity for the group of controls. The LBD group showed positive correlations in all three task conditions between the test for apraxic tool use and movement parameters affected by brain damage such as the range of hand roll during scooping and pouring (all r C .560, all p B .010) and the lateral movement amplitude (all r C .466, all p B .038). When we included lesion extent as a covariate in the partial correlations between tool-use score and those movement parameters affected by brain damage, previous results were confirmed in addition to significant correlations between tool-use score and cycle duration when performing either Panto (r = .489, p = .039) or Demo (r = .487, p = .040).
Discussion
Trajectory characteristics of the different task conditions
The present experiment investigated the action of scooping liquid from one container into another in three different action conditions, namely pantomime, demonstration with only the ladle, and in the actual use context with an initially full bowl and an empty plate to be filled. The ''artificial'' conditions Panto and Demo could be viewed as very particular conditions of tool transformation in which the tool, which is present in the learned execution of the task, is either absent in condition Panto or is deprived from its natural targets in condition Demo.
The analysis of the movement trajectories of the hand revealed clear differences between task conditions. The Use condition differed greatly from the two other conditions with only slight differences between other two tasks. This was reflected particularly well by the average time for completing one scooping-pouring cycle that was up to twofold prolonged in Use compared to the other conditions. In correspondence with this overall slowing, transport velocity and movement amplitude were reduced during actual use. Slowing of movement most probably reflects the mechanical requirements of the task when executed in the actual context. If executed too quickly, liquid could have been spilled. Compared to actual use, pantomimes were performed faster and with larger amplitude. In addition, healthy control subjects exhibited greater range of hand roll when pantomiming the scooping action on the imagined bowl side. Larger amplitudes of movement paths and larger joint movements are compatible with previous findings in other tool-use tasks such as slicing bread, sawing, or hammering (Clark et al. 1994; Poizner et al. 1995; Hermsdörfer et al. 2011; Hermsdörfer et al. 2006) . A possible reason for the larger extent of a pantomime may be its communicative nature. The sender may attempt to increase the salience of the action in order to facilitate the understanding by the receiver (Hermsdörfer et al. 2006; Laimgruber et al. 2005) . For the temporal measures, slower execution of pantomimes compared to actual use has also been reported (Hermsdörfer et al. 2006; Goodale et al. 1994) . The mechanical constraints of the actual use task on one hand and the communicative aspects of the pantomime task on the other make it difficult to determine the significance of the differences in kinematics between pantomime and actual use. One important determinant may be the pantomimers' understanding of the instruction and intent.
As expected, Demo exhibited kinematic characteristics that can be rank ordered between Panto and Use in terms of their relative value. While the overall movement speed as Fig. 5 Linear regression plots for each pair-wise task combination on range of hand roll during scooping and pouring (a), movement amplitude (b), peak 3D velocity (c) for the LBD group, and the group of controls expressed by cycle time in Demo was similar to pantomime, the other parameters were either intermediate between Panto and Use (maximum transport velocity, movement amplitude, and hand roll for right hand groups) or exhibited specific characteristics (hand roll for left hand groups). Increased mechanical load due to the manipulation of the ladle can probably not account for the differences between Panto and Demo since the ladle itself was quite light. Therefore, we speculate that participants may have anticipated a least some mechanical aspects of the realworld task during the execution of the tool demonstration.
Effects of brain damage
The analysis revealed deficits in patients with left brain damage and apraxia as expected. In contrast, patients with right brain damage performed all task conditions similar to control subjects. This association between tool-use deficits and left brain lesions is well established (Goldenberg 2008; Liepmann 1908; Rothi and Heilman 1997; Goldenberg 1996; Roy et al. 1998; De Renzi et al. 1982) . The deficits of patients with apraxia however were not equally present in all performance aspects. Notably, no significant differences were obvious in the parameters reflecting movement speed namely peak transport velocity and to a certain degree cycle time. Movement amplitude, however, was decreased in apraxic patients. The performance parameter that was altered most characteristically in apraxic patients was the rotation of the hand. During pantomime of the scooping action, apraxic patients rotated their hand nearly four times less than control subjects (26°vs. 93°). During Demo, the difference was about twofold (30°vs. 68°) and further reduced but still present during Use (1.6-fold; 43°vs. 67°). This observation includes three important aspects. First, the severity of the deficit depends on the task condition and decreases from pantomime to actual use. This dependency of tool-use deficit on task conditions has frequently been reported (Buxbaum et al. 2000; Clark et al. 1994; De Renzi 1990; Goldenberg and Hagmann 1998; Goldenberg et al. 2004; Hermsdörfer et al. 2006 Hermsdörfer et al. , 2011 Laimgruber et al. 2005; Liepmann 1908; Wada et al. 1999; Randerath et al. 2011) . The finding emphasizes the beneficial role of context and mechanical task constraints for ameliorating an apraxic movement deficit present during pantomime (see Introduction).
Second, despite ameliorated deficits, also actual execution of the scooping movement is still impaired in apraxia as revealed by the comparisons with the non-impaired groups. Deficits of apraxic LBD patients in natural-like tasks have been shown in studies of movement kinematics during tool-use actions such as slicing bread (Clark et al. 1994; Poizner et al. 1995) , sawing (Hermsdörfer et al. 2006) , prehensile movements (Laimgruber et al. 2005) , and hammering . Subtle to moderate deficits in movement kinematics have also been observed when patients with left brain damage executed more elementary goal-directed aiming movements with the ipsilesional hand (Fisk and Goodale 1988; Haaland et al. 2004; Hermsdörfer et al. 2003; Schaefer et al. 2007 Schaefer et al. , 2009 Winstein and Pohl 1995; Hermsdörfer et al. 2003) . Since these deficits were independent from apraxia, it has been suggested that damage to the motor dominant brain can affect aspects of dynamic motor programing that may or may not add to apraxic errors depending on patients' individual characteristics (Hermsdörfer et al. 2003 . In the present experiment, the deficit in actual use was most obvious for the hand roll. Hand rotation was also clearly impaired in the apraxia-sensitive conditions Panto and Demo. Further, the individual performance in those three conditions was correlated. Therefore, we cannot distinguish between apraxic errors and dynamic movement programing deficits at this stage. Rather, it is that movement aspect which is most vulnerable to apraxia during pantomime which also is responsible for movement deficits during actual use. In that respect, the present study differs from the findings for the hammering action , which has revealed kinematic abnormalities that were relatively unrelated to the apraxia score, particularly in the Use condition. The reason for this divergence is unclear but different error types may associate depending on the respective task demands. In addition, the variability of performance among subjects in everyday tasks may cover more subtle kinematic abnormalities.
The third important observation is related to the discrepancy between the nearly preserved movement transport component and the severely impaired scooping component particularly during pantomime in apraxic patients. Comparable discrepancies between relatively preserved more proximal movement components versus apraxic errors in distal components have been observed during various tool-use actions in a bilaterally damaged patients (Sirigu et al. 1995) and during prehensile movements of apraxic patients (Laimgruber et al. 2005) . The later study revealed close to normal kinematics of the transport component but clearly decreased opening of the hand (Laimgruber et al. 2005) . This discrepancy could reflect specific deficits in hand-object interactions that are more severe the more engaged the movement component in object manipulation is (Sirigu et al. 1995; Daprati and Sirigu 2006) . Alternatively, a motor programing hierarchy may prioritise the transport component, as the main frame for the particular movement. Into this frame, the scooping component has to be merged in a coordinated manner. Apraxia may primarily affect the components on a lower level of hierarchy, i.e., the hand rotation during scooping.
Another observation in the present study relates to the classification of patients as mild-or non-apraxic on the basis of the tool-use test score. As expected, these patients exhibited largely normal performance. Interestingly, hand rotation, which was the movement component affected most in patients classified as apraxic, seems to reflect some residual deficits in the group with mild or no overt apraxic symptoms. While both LBD patient groups were still clearly separated by the hand roll parameter, however, the correlation between the tool-use score and hand rotation was less strong than expected. This finding can be taken as an indicator that overall apraxia scoring does not enable prediction of patients' performance in particular tasks.
Finally, the present results for the scooping task differ in notable aspects from the hammering task investigated in the same patient sample . As hypothesized from the assumed higher complexity of the scooping task, deficits in apraxic patients were statistically stronger for the present task. Here, the deficits were particularly obvious for the scooping component of the movement, while in the hammering study, deficits were apparent in several parameters, movement velocity being the most salient one. In the present experiments, however, velocity may have been confounded with requests for accuracy during the medially directed transport component when the ladle was filled with liquid. Alternatively, or in addition, open-loop hammering movements may be more vulnerable to damage of the motor dominant left brain than more sensory-controlled closed-loop transport movements during scooping. This interpretation is supported by comparable findings for repetitive hand movements with varying accuracy requirements (Haaland and Harrington 1994 ).
Performance characteristics across task conditions
Various significant pair-wise correlations between task conditions were revealed within the groups of healthy control subjects and brain-damaged patients. In the healthy subjects, nearly all performance measures characterizing pantomime and demonstration were correlated. Thus, subjects who performed relatively slowly during pantomime tended to do so also during demonstration and subjects who performed quickly maintained their relatively fast speed during demonstration. The same finding was evident for the other movement parameters. Notably, strong correlations could also be observed when the average parameter magnitudes differed between conditions. The strong relationship between the two conditions suggests a common factor underlying movement programing. This notion is in correspondence with similar neuronal representations for different conditions of movement execution as found in a number of neuroimaging studies (see Introduction). A common generalized motor program may be used and adapted flexibly to the different action conditions (Schmidt 1975; Hermsdörfer et al. 2011 ). With such a program, the relative weighting of the parameters of the individuals would be preserved across conditions (resulting in significant correlations) while the magnitudes could differ. Other possibilities of common factors may include individual anthropometric or physiological factors or may be related to individual cost functions applied to the programing of the movements in both conditions. Different from the relationship between pantomime and demonstration, the correlations of these two task conditions with actual use were rather weak (the only exception was peak transport velocity when correlating Demo with Use). One interpretation of this finding is that the motor program for actual use is determined by the mechanical constraints and implicit demands of the task, for example, avoiding spilling the liquid during transport and pouring. A generalized program for scooping may be adjusted according to these task constraints. On the other hand, the motor programs may differ in a more profound way, for example, pure communicative intent as opposed to movement planning which incorporates task mechanics (see Introduction). Similar neural representations would rather support the former interpretation. Additional evidence stems from the analyses of hammering movements in the accompanying study , which yielded strong correlation for all comparisons between all three action conditions. Interestingly, the actual hammering movements are much less constrained than the present scooping movement. Actual hitting with a hammer can show larger or smaller amplitudes and the relative amplitude persisted across trials .
In the present study, LBD patients largely replicated the findings for the control subjects for the comparison of pantomime and demonstration. However, in clear contrast to control subjects, strong correlations were also obvious between the former conditions and actual use. For the parameters that yielded clear pathological differences between LBD and controls, namely hand roll and amplitude, this means that the characteristic symptoms were preserved across the different action conditions. Those patients that did not produce adequately large angles during pantomime and demonstration of scooping show the same deficit in the Use condition. This interpretation departs from some of our former conclusions gained from other tool-use actions. One possible reason could be task-specific effects. The roll angle turned out to be the most sensitive but least constrained parameter in the present study. The pathological parameters in some former studies, however, were constrained during actual use; for example, decreased hand opening during pantomime was dictated by the size of the glass during actual grasping.
It should be kept in mind, however, that the strong correlations between kinematic parameters in the three conditions of our experiment are equivocal with respect to the origin of kinematic impairments in apraxic patients. They may result from the degradation of tool-specific motor programs (Daprati and Sirigu 2006) but they might as well be a manifestation of general deficits of motor performance of the subdominant hand following ipsilateral brain damage (Hermsdörfer and Goldenberg 2002 , see also aiming movements reported above in ''Effects of brain damage''). In order to differentiate between these alternatives, it would be necessary to include a condition demanding motorically similar actions but with other tools or without any relation to tool use. For example, one might probe the relationship between the hand roll in scooping with that during screwing or during fast simple hand pro-/ supination. If stored representations of tool-specific motor programs underlie these kinematic communalities, the kinematics of deficient scooping should not be correlated with those elicited in the alternative conditions. Surprisingly, the LBD patients showed strong correlations between actual use and pantomime as well as demonstration for parameters such as cycle duration and peak transport velocity despite no obvious performance reductions in these parameters compared to control subjects. One interpretation for the discrepancy is that the LBD patients incorporated task-specific constraints into the motor program to a lesser degree than the control subjects resulting in a stronger role for the default motor program. We would speculate that since patients exhibited smaller scooping angles, the ladle was probably less full. This might have resulted in reduced demands for increased accuracy and movement slowing during transport than in the control subjects. Unfortunately, we did not quantify the success of the actual use action in terms of amount of liquid transported from the bowl to the plate.
Conclusion
Different forms of executing a scooping action are characterized by distinct kinematic features. Especially, the scooping component is vulnerable to left-hemisphere brain damage and apraxia in all task conditions. A common motor program may exist as a default for the different action conditions, but the demands of the specific task may easily change and adjust this program. In apraxic patients, task context will reduce the severity of the performance deficits; however, these may persist across task conditions.
